it possible to correlate behavioral performance with sence of adaptation to the drug during this time (Figure 1A) . changes in local field potentials (LFPs) in the animal's Further analysis revealed that METH affected several brain [22] . These electrophysiological studies in Drosleep parameters. The decrease in average sleep time sophila showed not only that distinct arousal states in during 0.64 and 1.25 mg/ml METH administration was the fly can be determined by looking at locomotor outdue to changes in both sleep-and wake-bout number put (the only method available in the past) but also that and duration (Figures 2A-2D ). METH significantly inthey can be inferred from analyzing changes in brain creased wake-bout duration (0 mg/ml METH = 21 ± 4 activity [19, 20, 22]. min versus 0.64 mg/ml METH = 269 ± 63 min, p < 0.01; In this study, we combine several approaches to in-1.25 mg/ml METH = 222 ± 72 min, p < 0.01) and devestigate how changes in dopaminergic transmission creased the number of bouts (0 mg/ml METH = 10.6 ± affect different measures of arousal. We studied arousal 0.8 versus 0.64 mg/ml METH = 5.1 ± 1, p < 0.01; 1.25 changes induced by feeding flies methamphetamine mg/ml METH = 6.1 ± 1, p < 0.01), thus leading to con-(METH) and asked how it affects behaviors of different solidation of wakefulness. This was accompanied by a complexity, from simple behaviors, such as sleep and significant shortening of sleep-bout duration-i.e., when locomotion, to complex behaviors, such as visual per-METH-treated flies fell asleep, they woke up sooner ception and courtship behavior. than controls (0 mg/ml METH = 100 ± 25 min versus 1.25 mg/ml METH = 17 ± 8 min, p < 0.01)-and a tenResults dency for sleep-bout number to decrease (flies initiated sleep less often, i.e., they were less sleepy). Taken toWake-Promoting Effects of Methamphetamine gether, these observations suggest that METH consoliin Drosophila dates wakefulness in flies by interfering with sleep We measured average sleep time in METH-exposed maintenance. and sham-treated wild-type Canton-S female flies, as Accordingly, the drug increased the latency to sleep, described [ cess by preventing initiation, i.e., by suppressing sleep during the night) (Figure 3 ). An effect was already evident on the first day of treatment, became maximal by drive, as has been described in humans [24] .
Because activity levels can vary greatly during wakday 2, and stabilized at that level. Significantly, this increase in sleep was not accompanied by a change in ing episodes, we calculated activity as counts per waking minute (counts/min). Using this measure, we obthe level of activity during active periods; average counts/min during the day remained unchanged beserved that METH treatment at a concentration of 0.64 mg/ml or higher not only increases wakefulness but tween the baseline day without drug and all the subsequent days of treatment. This finding is important bealso significantly increases activity during waking episodes (0 mg/ml METH = 0.63 ± 0.1 counts/min versus cause it shows that some aspects of neural control of 0.64 mg/ml METH = 1.52 ± 0.1 counts/min, p < 0.01; 1.25 mg/ml METH = 1.63 ± 0.1 counts/min, p < 0.01) ( Figure 2F ). An increase in locomotion is frequently used as a criterion of increased general arousal in other experimental organisms [25] ; hence, by this measure, METH seems to increase general arousal in flies as well.
Although we did observe a trend for dose-dependent changes in many measures, the lack of a strong doseresponse regression for all measures (except for sleep latency) could be attributed to the nature of our METH administration. Variation originating from individual differences in activity, food intake, metabolism, and responsiveness to METH could obscure a clear dosedependent effect.
In order to establish to what extent the sleep and activity changes following METH administration are due to changes in dopaminergic transmission, we exposed flies to an inhibitor of dopamine synthesis, 3-iodo-tyro- (time spent courting the female; the time is normalized for total time leading to copulation); and (3) latency to copulation.
Wake-Promoting Effects of Methamphetamine in Flies with Increased Sleep Need
When tested with intact virgin females, METH-fed (0.85 mg/ml) males showed a tendency toward deIn addition to promoting active wakefulness, METH also counteracts the effects of sleep loss in flies. We creased courtship latency, although the difference was not statistically significant (data not shown). We reatested the efficacy of the wake-promoting effects of METH in flies with elevated sleep need. Flies were first soned that by adapting the assay so as to lengthen the latency to courtship, we would increase the resolution. sleep deprived, via mechanical deprivation for 9 hr from ZT15-ZT24, and were then placed on METH-containing We therefore tested males in a modified courtship assay where the object of courtship was a decapitated food (1.25 mg/ml) for 12 hr (ZT1-ZT12) (ZT1 = lights on; ZT12 = lights off). Figure 4 histograms show the average female; decapitated females produce increased latencies to courtship because they lack the ability to amount of daytime sleep (ZT1-ZT12) for the baseline day (day 0) and Recovery + METH day (day 2). Average move [27] . We observed that METH-treated males started courtship toward decapitated females sigsleep on day 1 (when sleep deprivation occurs during the night) and day 3 (when flies are left undisturbed) for nificantly faster than did the control males (METH = 40.2 ± 7 s versus control = 70.2 ± 12 s, p < 0.05), sugall of the groups is similar to their day 0 baseline levels (data not shown). In the group subjected to sleep deprigesting that METH-fed males were more aroused and had a lower threshold to initiate courtship than control vation only (SD), a homeostatic increase in the average sleep amount occurs after mechanical deprivation (SD, males ( Figure 5D ).
These findings show that METH increases sexual mental Experimental Procedures) and then tested the effect of METH (1.25 mg/ml) on these responses by adarousal by shortening the latency to initiate courtship; however, this increase was ultimately maladaptive beministering the drug to the tethered fly in a small piece of food, on which it would feed for up to 1 min. This led cause the latency to copulation increased and, consequently, copulation success decreased. One explanato significant brain-activity changes that were observable in the first 800 s window and that persisted for tion for this result might be that general arousal in METH-fed flies increased to a level where it interferes at least 2400 s: a consistent decrease in the 20-30 Hz with performance of the complex behavior required to response to a visual stimulus in all three channels (Figcomplete courtship and for the brain's response to the visual stimulus (Table 1) . In contrast, Th-GAL4/+ and UAS-shi ts1 /+ control aniThus, METH concentrations that produce increased behavioral activity in our locomotor and sleep assays inmals did not show a decreased 20-30 Hz response at 38°C ( Figure S2 ). The fact that 20-30 Hz brain activity terfere with proper function in courtship, visual response, and LFP-movement coupling.
is attenuated with both GAL4 drivers suggests that dopamine plays the dominant role in these measures of visual perception, or else it suggests that modulating Visual Perception Is Dependent on Transmission from Dopaminergic Neurons serotonergic transmission simultaneously has no major effect. In order to identify the neurotransmitter system through which METH affects these physiological correlates of Transgenic animals of the same genotypes were also tested for visual fixation, a behavioral measure of visual arousal in the fly, we obtained recordings from transgenic animals in which synaptic release from dopaperception, in a closed-loop flight arena (see [22] and Experimental Procedures). In this assay, perception is minergic and serotonergic neurons is under conditional control. We focused on these systems because coninferred from the animal's tracking response in which it holds the virtual object in one part of its visual field, verging evidence from higher vertebrates and Drosophila indicates that monoaminergic neurons are a target usually in front. Both Ddc-GAL4/UAS-shi ts1 and Th-GAL4/UAS shi ts1 genotypes performed this visual task of psychostimulants such as cocaine and amphetamine [28, 29] . Furthermore, in humans, monkeys, and at the permissive temperature (22°C) before and after heat treatment but displayed a significant decrement in rodents, dopamine signaling is involved in the processing of both nonrewarding salient stimuli and rewarding fixation behavior (while still "flying") at 38°C, the restrictive temperature ( . These syssis during development in males increased the latency tems are generally nonspecific, both anatomically, in to initiate courtship and to copulate [42] . The possibility the sense that their projections are diffuse, and physiothat the effects we report on visual perception and logically, in the sense that they provide general reincourtship might be due merely to primary visual defects forcement (positive or negative) to more restrictively is unlikely for several reasons. First, the dopaminestimulated sensory or motor systems. The interaction depleted flies in the cited study [42] were normal for between relatively specific sensory and motor systems, phototaxis. Second, although vision is not essential for on the one hand, and relatively nonspecific value syscourtship, the lack of it produces an increase in courttems, on the other, thus underlies much of the brain's ship latency but no impairment to copulation [43] . Thus, combinatorial versatility. the effects we observe are likely to be central rather In this formulation, too much dopaminergic transmisthan peripheral and more involved in the modulation of overall arousal than in the primary sensory response. sion would be as dysfunctional as too little, disrupting the balance between specific input and value-system modulation. Thus, nonspecific arousal producing sleep The Complexity of Behavioral Arousal loss, increased activity, and overly stereotypical, unArousal has been defined operationally as a state in which "an animal is more responsive to a wide variety successful courtship would have a common etiology
